acute kidney injury; cellular senescence; notch signaling; renal fibrosis AGED INDIVIDUALS HAVE A GREATER susceptibility for acute kidney injury (AKI) and progression to chronic renal disease (21, 36) . Experimental evidence indicates that the underlying mechanisms may be importantly modified by the load of cellular senescence in the tubular epithelium (6, 8, 46) . Senescent cells are viable and metabolically active but cannot divide and thus fail to contribute to adequate organ repair. Cellular senescence is characterized by the activation of prosenescent effector molecules such as p21 and p16
INK4a , which cause cell cycle arrest by preventing phosphorylation of Rb (38) . Recent studies suggest that Notch1 might act as a promoter in the development of cellular senescence leading to expression of p21 and p16
INK4a in endothelial and pancreatic epithelial cells (10, 45) . The Notch signaling pathway is phylogenetically highly conserved and consists of several receptors, Notch1-Notch4, and several ligands (18, 39) . It serves as a central regulator of fundamental developmental processes such as lateral inhibition, lineage decision, and boundary formation as well as homeostasis and regeneration in adult tissues (9, 15, 25) . Notch signaling is a juxtacrine signaling pathway with receptors and ligands both being transmembrane proteins mediating communication of adjacent cells. A direct cell-cell contact that allows for binding of the receptor to its ligand is required for trans-signaling events (16) . Upon ligand binding signal transduction is initiated and Notch receptors undergo complex proteolytic processes that eventually lead to the release of the intracellular domain of the receptor (28) . The released Notch intracellular domain (NICD) directly translocates to the nucleus to activate transcription of a wide array of downstream target genes (44) .
In the developing kidney, Notch signaling plays a key role in the regulation of ontogenetic nephron segmentation (4, 27) . In the adult kidney Notch signaling is strongly reduced but reactivation of Notch has been described in chronic and acute kidney injury (1). Kobayashi et al. (24) showed that the Notch pathway is activated during AKI in a rat model of ischemia/ reperfusion (IR). Their data suggested that Notch2 might regulate epithelial cellular proliferation, which is needed to repopulate and restore injured tubules. A role for Notch in tubular cell proliferation was subsequently supported by another study using the same rat IR model in which administration of the Notch ligand delta-like-4 (Dll4) enhanced renal recovery (19) . While both studies point to a potential benefit of Notch activation for successful acute repair, there is also evidence that in chronic disease activation of Notch signaling can trigger glomerulosclerosis and renal fibrosis (2, 32) .
The potential involvement of Notch signaling in changes of the aging kidney has not been addressed so far. In the current study, we found that post-IR Notch activation was sustained in tubular cells of old kidneys. To investigate the potential impact of an over-activated Notch pathway on kidney repair we used mice with inducible expression of NICD of murine Notch1 in proximal tubules. Our results indicate that uncontrolled Notch1 signaling hampers normal renal repair and promotes a prosenescent development in kidney epithelial cells. (14) . NICD expression in epithelial cells of the S3 segment of proximal tubules was induced by tamoxifen administration. Tamoxifen was injected on 5 consecutive days before induction of IR injury. Genotyping was done by PCR of tail biopsy genomic DNA, as previously described (14, 30) . To test for successful Cre-recombination we crossed GGT::Cre-ERT2 mice with Rosa26 LacZ reporter mice [Gt(Rosa)26Sor; Jackson Laboratory], induced Cre recombination with tamoxifen, and performed X-gal staining. All experimental procedures were in agreement with institutional and legislational regulations and were approved by the local authorities.
MATERIALS AND METHODS

Mice
IR protocol. Renal IR injury was induced through unilateral clamping of the renal pedicles as previously described (42) . Male mice were anesthetized with isoflurane. After laparotomy in the left upper quadrant, the left renal pedicle was dissected and a nontraumatic vascular clamp was applied for 27 min. Mice were killed at 6, 16, 24, 48, and 72 h and 7 days and 4 wk after injury, and kidneys were harvested for further examination. For Notch inhibition experiments, mice were injected intraperitoneally with 50 mg/kg of ␥-secretase inhibitor LY-374973, N-[N- (3,5- 
difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT; Calbiochem, Darmstadt, Germany) every third day for 4 wk. DAPT was reconstituted in DMSO and diluted in sunflower oil, which was used as injection vehicle. A minimum of six animals per group was used for each IR experiment.
Histology, immunostaining, and terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling. After being harvested, a representative part of each kidney was fixed immediately in PBSbuffered 4% paraformaldehyde and embedded in paraffin. Fourmicrometer sections were used for immunostaining and for hematoxylin/eosin staining to evaluate histological damage. Immunostaining was performed using the following primary antibodies: Monoclonal rabbit anti-mouse Ki67 (Thermo Scientific, Fremont, CA), polyclonal rabbit anti-human cleaved Notch1 (Val1744; Cell Signaling Technology, Danvers, MA), polyclonal rabbit anti-mouse Hes1 (Abcam, Cambridge, UK), and polyclonal goat anti-Tamm Horsfall protein (THP; Santa Cruz Biotechnology, Santa Cruz, CA). Deparaffinized kidney sections were boiled in citrate buffer for antigen retrieval, blocked with 5% milk, and incubated overnight at 4°C with primary antibodies. Alexa 488 and Alexa 547 were used as secondary antibodies (Molecular Probes/Invitrogen, Carlsbad, CA) or the ABC Vectastain kit (Vector Laboratories, Burlingame, CA). Quantification of NICD and Ki67 expressing cells was done by counting of positive cells in 10 randomly chosen, nonoverlapping fields (ϫ200 magnification) in the inner cortex and outer medulla. FITC-labeled Lotus tetragonolobus lectin (LTL) was used as a brush-border marker (Vector Laboratories). An In Situ Cell Death Detection Kit was used according to the manufacturer's instructions for terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assay (Roche Applied Science, Mannheim, Germany). TUNEL-positive tubular cells and total DAPI-positive tubular cells were counted in 10 nonoverlapping fields of inner cortex and outer medulla in each sample (ϫ400 magnification). Data are presented as a percent ratio of TUNEL-positive epithelial cells vs. total DAPI-positive epithelial cells.
Cell culture. Primary renal tubular epithelial cells (PTEC) were isolated as previously described (37) and grown in REGM2 (PromoCell, Heidelberg, Germany). PTEC were stimulated with recombinant Dll4 (R&D Systems). For hypoxia experiments cells were kept under hypoxic conditions (5% CO2 and 95% N2) for 24 h in a gas chamber (Billups-Rothenberg, Del Mar, CA) and harvested after 2 h of normoxic conditions for further analysis. For the induction of senescence-like phenotype, PTEC were treated with Doxorubicin (1 mol/l) (Sigma-Aldrich, St. Louis, MO) for 2 h and with etoposide (2.5 mol/l; Sigma-Aldrich) for 17 h and analyzed 24 h after treatment (50).
Western blot analysis.
Western analysis was performed as previously described (43) . In brief, a representative part of each kidney was frozen in liquid nitrogen immediately after harvesting. Tissue was homogenized and protein electrophoresis was performed as described previously. Proteins were transferred to polyvinylidene difluoride membranes, blocked with 5% milk in PBST, and probed overnight at 4°C with primary antibodies: rabbit anti-human KIM-1 (Novus Biologicals, Littleton, CO), and mouse anti-␣-smooth muscle actin (␣-SMA), clone 1A4 (Sigma-Aldrich). Antibody binding was visualized by chemiluminescence (SuperSignal West Pico Chemiluminescent; Thermo Scientific, Rockford, IL). Rabbit anti-mouse GAPDH (Sigma-Aldrich) was used as an internal loading control and for normalization of protein quantification. Immunoblots were scanned and quantified using ImageJ densitometry software.
Quantitative real -time PCR. RNA was isolated from frozen kidney tissue using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Reverse transcription (RT) was performed with MMLV Reverse Transcriptase (Promega, Madison, WI) and random primers. Amplified cDNA was used as a template for qPCR. The levels of mRNA expression were determined by quantitative real-time PCR using a Roche Lightcycler 480 System with SYBR green master mix and specific primers: Hes1 for: GGA GAG GCT GCC AAG GTT TT, Hes1 rev: GCA AAT TGG CCG TCA GGA; p16
INK4a QuantiTect Primer Assay (Qiagen); p21 for: AAT CCT GGT GAT GTC CGA CC, p21 rev: GCC TGA CTC AGT TCA GCC TCA; KIM-1 for: AAA CCA GAG ATT CCC ACA CG, KIM-1 rev: GTC GTG GGT CTT CCT GTA GC; ␣-SMA for: GTG CTA TGT CGC TCT GGA CTT TGA; ␣-SMA rev: ATG AAA GAT GGC TGG AAG AGG GTC; Bax for: TTT CAT CCA GGA TCG AGC AGG G, Bax rev: GTC CAG TTC ATC TCC AAT TCG CC; and Actin for: AGC CAT GTA CGT AGC CAT CC, Actin rev: CTC TCA GCT GTG GTG GTA A were used.
Melting curves were examined to verify that a single product was amplified. For quantitative analysis, relative mRNA levels were calculated according to the 2 Ϫ⌬⌬Ct method; all samples were normalized to actin gene expression.
Statistical analysis. Results are expressed as means Ϯ SE. Statistical significance was assessed by one-way ANOVA or two-way ANOVA with Bonferroni post hoc test or by unpaired t-test (GraphPad Software, San Diego, CA). P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Notch signaling activity in postischemic epithelial cells is prolonged in old kidneys. Previously published data describes
Notch activation peaking 6 -12 h after IR and decreasing thereafter (24) . To test for potential age-dependent differences we stained kidney sections of young (10 -12 wk) and old (18 mo) C57BL/6J mice at different time points after IR for cleaved Notch1. Cleaved Notch1 was equally increased in tubular cells of young and old kidneys at 6, 16, and 24 h (Fig. 1A) . Subsequently, however, Notch activation declined rapidly in young kidneys while it remained elevated in old kidneys at 48 and 72 h (Fig. 1, A and B) . The prolonged activation of Notch was confirmed by a significantly longer upregulation of Hes1, a prototypical Notch downstream target (Fig. 1, C and D) . Increased cleaved Notch1 was found in all parts of the postischemic kidney with strongest signal intensity in proximal tubules and thick ascending limbs of the outer medulla as revealed by fluorescence colabeling studies with LTL and antibody to THP (Fig. 1E ). These data indicate that a prolonged postinjurious Notch activation might contribute to altered renal repair of the aging kidney.
Conditional expression of NICD in proximal tubules leads maladaptive repair.
To test the impact of prolonged Notch activation on renal repair, we generated mice that express constitutively active Notch1 (NICD) in epithelial cells of the proximal S3 segment, which is the most heavily affected tubular segment in IR injury. Mice were created by crossing homozygous Notch1 flox/flox mice (30) with mice carrying a transgene with tamoxifen inducible Cre recombinase expression (GGT::Cre-ERT2 mice) (14) . Successful Cre-recombination upon tamoxifen administration was confirmed in GGT::Cre-ERT2 mice crossbred with Rosa26 LacZ reporter mice (not shown). To analyze the impact of NICD expression on renal recovery, kidneys of Notch1 flox/flox / GGT::Cre-ERT2 mice (hereafter NICD mice) were examined at 1 and 4 wk after IR surgery. Littermates that were not induced by tamoxifen served as controls. At 1 wk, postischemic damage did not show significant differences between groups when judged by morphology (not shown) and by quantification of intact brush border staining with LTL ( Fig. 2A) . Expression of proximal tubular damage marker Kim1 and proapoptotic Bax, however, was significantly higher in NICD kidneys as shown by quantitative RT-PCR (Fig. 2B ). Differences were more pronounced at 4 wk, when NICD kidneys showed sustained tubular damage (Fig. 3, A and B) with significantly reduced brush border staining ( Figs. 2A and 3, C and D) and increased Kim1 expression (Fig. 2, E and F) . NICD kidneys were characterized by a profibrotic pattern including significantly higher expression of ␣-SMA and collagen I in quantitative RT-PCR, immunoblot and immunohistochemistry (Figs. 2, C and D, and 3, E and F). Increased deposition of collagen was also evidenced by significantly enhanced picrosirius red staining (Fig. 2E) . Quantification of Ki-67 immunohistochemistry revealed equally strong proliferation in both groups at 1 wk post-IR but significantly fewer mitotic cells in NICD kidneys 4 wk post-IR (Fig. 2F ). Higher expression of proapoptotic Bax in NICD kidneys was consistent with a trend for increased numbers of TUNEL-positive tubular cells at 1 wk and significantly more positive cells at 4 wk (Fig. 2G) . Altogether, these data indicate that enhanced NICD activation hampers normal renal repair and triggers a profibrotic phenotype. 
Activated Notch signaling contributes to the development of a prosenescent phenotype after IR injury.
As IR injury can trigger the development of cellular senescence (6, 8), we tested for renal expression levels of senescence markers p21 and p16 INK4A . Expression of both markers was equal between NICD and control kidneys at 1 wk but significantly higher in the NICD group at 4 wk (Fig. 4, A and B) .
To analyze whether inactivation of Notch activity would have a reverse effect wild-type mice underwent IR and were systemically treated with the ␥-secretase inhibitor DAPT, a substance that stops Notch activation, on every third day for the duration of 4 wk. DAPT treatment was associated with a significant reduction in the mRNA expression of p21 and p16
INK4a (Fig. 4C) . Although DAPT treatment was not associated with significant changes in epithelial proliferation, apoptosis or expression of tubular damage markers (not shown) kidneys of DAPT-treated mice showed attenuation of interstitial fibrosis evidenced by a reduction in picrosirius red staining and in collagen I mRNA expression (Fig. 4, D and E) . These data suggest that postinjurious Notch activation may trigger maladaptive processes that promote the development of a prosenescent phenotype in the kidney.
Renal tubular cells develop a prosenescent phenotype after enhanced notch activation. To further explore the potential link between increased Notch activity and the activation of senescence pathways, PTEC were stimulated with Notch signaling activator Dll4. Dll4 stimulation resulted not only in the expected upregulation of Hes1 at all tested time points (1, 2, and 12 days; Fig. 5A ) but also induced an elevated mRNA expression of p21 and p16 INK4a (Fig. 5, B and C) . Increased expression of p16
INK4a and p21 after hypoxia/reoxygenation stress (Fig. 5D ) was additionally enhanced by Dll4 treatment (Fig.  5D) . A mechanistic involvement of Notch activation was corroborated by the finding that p16
INK4a was also significantly upregulated after tamoxifen-induced NICD expression in PTEC isolated from NICD mice (Fig. 5E) . Taken together, these data are consistent with the concept that enhanced Notch activation acts as a prosenescent trigger in renal tubular cells.
Notch signaling directly contributes to the induction of premature cellular senescence in renal tubular cells. To better understand the interplay between Notch and senescence, genotoxic activators of cellular senescence (doxorubicin and etoposide) were used in conjunction with ␥-secretase inhibitor DAPT. Doxorubicin and etoposide treatment caused prosenescent upregulation of p21 and p16
INK4a (Fig. 6, A and B) . This was paralleled by Notch activation as shown by increased expression of Hes1 (Fig. 6, C and D) . Treatment with DAPT significantly counteracted the upregulation of p21, p16
INK4a , and Hes1 (Fig. 6, A-D) . These data indicate that inhibition of 
DISCUSSION
During recovery from AKI, proliferation and redifferentiation of surviving tubular cells play an essential role for restoration of tubular integrity (5, 22) . In the aging kidney the underlying process for this regenerative response is disturbed and this has been experimentally linked to altered levels of signaling molecules and to a higher load of senescent cells (6, 8, 37, 46) . Our results suggest that an overactive Notch pathway present in old kidneys might act as a novel contributor to A link between Notch signaling and cellular senescence is of potential clinical importance for the field of nephrology since cellular senescence has emerged as a crucial mechanism in the course of many renal diseases (31) . Data from patient biopsies suggest that cellular senescence contributes to disease progression in glomerulonephritis (26, 41) , allograft dysfunction (17) , and diabetic nephropathy (35) . Most of these entities also show relevant activation of Notch signaling (3, 29) ; the potential interdependence of Notch and cellular senescence in this context remains to be elucidated. In the context of AKI there is accumulating experimental evidence that acute damage can trigger prosenescent pathways and that the load of senescent cells determines the outcome of successful epithelial repair (6, 8, 38, 46) . Our present data indicate mechanistic involvement of Notch in the induction of postinjurious cellular senescence and suggest that overactive Notch1 might contribute to the aging renal phenotype. A causal role for renal Notch signaling in maladaptive repair and profibrotic processes is in line with recent studies in kidney and other organs (2, 12, 47) . Our data extend these studies by showing that Notch triggered organ fibrosis might be partially mediated by mechanisms of cellular senescence.
The involvement of renal tubular Notch in inducing prosenescent pathways is consistent with data in other cell types, where Notch1 has been demonstrated to transactivate p21 and cell cycle arrest (34, 45) . It is important to note that the outcome of Notch signaling for prosenescent development seems highly dependent on the cellular context. For instance, it has been shown that Notch1 is upregulated in senescent endothelial cells (45) but downregulated in senescent keratinocytes (33) . Notch1 activates prosenescent pathways in epithelial and endothelial cells (11, 45) while it induces apoptosis in fibroblasts (23) . It has been noted that these different effects of Notch signaling can have important tumor suppressor function by restricting proliferation through senescence dependent pathways or by proapoptotic mechanisms (10, 11) . Future strategies aiming for the therapeutic manipulation of Notch signaling should consider the complex diversity of cell dependent Notch responses to avoid harmful effects.
Previous evidence points to an important functional role for Notch in renal fibrosis (2, 13) . Djudjaij et al. (13) demonstrated that the genetic deletion of Notch3 can protect the kidney from developing fibrosis during unilateral ureteral obstruction. In the same model and in folic acid induced kidney injury the Susztak group (2) described significant activation of Notch1 and showed a reduction in renal fibrosis by conditional knockout of Notch signaling in tubular cells. They also applied a tetracycline-dependent transgenic strategy, in which they created mice expressing NICD of Notch1 in tubular cells under control of Pax8 promoter. Despite similarities to our experimental setup and results, they observed a much more drastic phenotype with massive fibrosis and lethality after 5 wk of NICD induction. The most likely explanation for this discrepancy is the Pax8 promoter, which is known to deliver high levels of transgene transcription along the entire nephron, including the collecting duct system (2). Our promoter is a fragment of the mouse gamma-glutamyl transpeptidase type II gene and directs transgene expression only to the distal part of the proximal tubule (14) . This expression pattern reflects probably better the pathophysiological Notch activation in the context of IR and is not associated with spontaneous renal disease. Therefore, it allowed us a detailed analysis of Notch-dependent alterations in postischemic tubular repair.
During kidney development Notch signaling molecules are widely expressed in renal tissue. A well-coordinated activation of specific Notch receptors is crucial for normal nephrogenesis and nephron maturation, because Notch is involved in renal cell fate specification, cell orientation, tubular segmentation, and cell proliferation as highlighted by elegant recent studies (4, 27, 40) . It was therefore suggested that Notch might also be important for tubular cell survival, proliferation and differentiation during the renal repair phase after AKI in adult kidneys. Support for this notion came from a study by Gupta et al. (19) in which treatment with unselective Notch activator Dll4 resulted in enhanced cell proliferation and better renal recovery after IR. While the role of the different Notch receptors has not been studied in detail, experimental data suggest that Notch2 is most critical for tubular regeneration and proliferation after IR (24) . A recent study from the Harris group (7) supports this concept showing that Notch2 activation is important for successful tubular repair after IR by upregulating antiapoptotic survivin. In the same study it was shown that treatment with ␥-secretase inhibitor RO4929097 delayed functional and structural recovery. However, another study reported that Notch inhibition using DAPT was protective against renal IR (20) . These partially controversial results might be due to the fact that ␥-secretase inhibitors can modulate other signaling systems beyond Notch. More selective strategies might be needed if the Notch system is considered as a therapeutic target. In our model, overactivity of Notch1 in proximal tubules had no impact on proliferation at 1 wk after IR. However, after 4 wk, it was associated with decreased tubular proliferation. The drop in proliferation is consistent with a prosenescent cell cycle inhibition through upregulation of p21 and p16
INK4a . Based on our data it seems plausible that early postinjurious Notch activation, possibly through Notch2, may trigger beneficial proliferation and repair, while sustained activation of Notch1 may promote prosenescent and antimitotic effects resulting in atrophy and fibrosis.
In summary, our results demonstrate a novel function for tubular Notch signaling as a promoter of prosenescent mechanisms during kidney repair. Enhanced Notch activation leads to maladaptive repair and accelerated renal aging which is associated with a profibrotic phenotype. These data extend previous work on the therapeutic potential of antagonizing Notch signaling showing that inhibition of Notch might have 
